Objectives: To study the effect of mitral valve repair with or without concomitant tricuspid valve repair on functional tricuspid regurgitation and right ventricular function.
The effect of surgery to relieve left-sided valve disease, with or without tricuspid valve repair (TVR), on right ventricular (RV) function in patients with functional tricuspid regurgitation (TR) is of great interest, but few studies have been published. In our companion study, we found that RV function was markedly abnormal in patients with severe (grade 3þ/4þ) TR. 1 This was true for the myocardial performance index (MPI), which reflects global RV systolic and diastolic function, and tricuspid annular plane systolic excursion (TAPSE), which reflects longitudinal systolic function. 2 Whether the TR was caused by RV dysfunction or vice versa remained unclear. The decreased function suggested by MPI and TAPSE, both being load-sensitive indexes, could reflect true RV dysfunction or altered pre-and afterload. 2 All these patients underwent mitral valve repair (MVR) to correct their mitral regurgitation (MR). Most patients with severe TR also underwent concomitant TVR; patients with less severe TR underwent only MVR. It is well known that MVR reduces pulmonary pressure and RV afterload; however, correcting TR increases RVafterload. Correcting MR could also influence the right heart by changing the atrial and ventricular septal positions from the shifting volume and pressure loads.
Therefore, in the same quasi-experimental, enriched study cohort with no evidence of either organic tricuspid valve (TV) alteration or coronary artery disease, we attempted to answer the following questions about TR and RV function after correcting the left-sided valve disease with or without concomitant TVR:
What are the early, intermediate-, and long-term effects of MVR alone versus MVR with concomitant TVR on TR and RV function? Do the early postoperative measures of RV function on predischarge transthoracic echocardiograms (TTEs) correlate with the preoperative measures of these same quantities, and what factors, including preoperative TR and the operation, are associated with their changes after MVR alone versus MVR with concomitant TVR? Does the apparently diminished preoperative RV dysfunction associated with severe preoperative TR improve during follow-up after surgery? What factors, including preoperative TR, RV function, and the operation (MVR alone vs MVR with concomitant TVR), are associated with the temporal pattern of RV function observed during follow-up?
PATIENTS AND METHODS
The patient details and study design have been reported in the companion study. 1 In brief, for 2726 patients undergoing mitral valve surgery at Cleveland Clinic, a random sample of 100 patients was selected for each preoperative TR grade 0þ, 1þ, and 2þ on TTE. All 93 patients with grade 3þor 4þTR were included, for a total of 393 patients. Patient characteristics and preoperative echocardiographic findings are presented in Tables E1 and  E2 . Characteristics of the patients included in the present study were similar to those of patients not included, as analyzed by TR grade (Tables E3-E5 ).
Data Sources
All the data used for the present study were approved for use in research by the institutional review board, with patient consent waived. In addition to clinical and preoperative echocardiographic data described in the companion report, 1 TR, TAPSE, and MPI were measured de novo, as previously described, on all postoperative TTEs available at Cleveland Clinic for these patients. 2 Predischarge and follow-up TR was assessed on 707 TTEs for 388 patients (99% of total), and MPI and TAPSE on 643 TTEs for 355 patients (90% of total). The distribution of TTEs over time according to TR grade is shown in Table E6 .
No fixed schedule for the postoperative surveillance TTEs was imposed. A total of 38% of patients had more than 1 TTE recorded, and 20% had more than 2. The number of TTEs per patient ranged from 1 to 10 (mean, 2). However, in 390 patients followed up at Cleveland Clinic, the pattern of intervals for the TTEs suggested a degree of regularity ( Figure E1 ), and results (data not shown) in this group were entirely consistent with those presented for the group as a whole.
The intra-and interobserver variability of TAPSE and MPI was studied in 17 randomly selected patients. The intraobserver (R.D.) correlation was r ¼ 0.97 for TAPSE ( Figure E2, A) and r ¼ 0.91 for MPI ( Figure E2, B) . The interobserver variability between investigator (R.D.) and sonographer was r ¼ 0.61 for TAPSE ( Figure E2, C) and r ¼ .88 for MPI ( Figure E2, D) .
Statistical Analysis
Early response to surgery. Of the 393 patients, 3 (3.0%) of the 100 with grade 2þMR preoperatively underwent TVR (2 ring repair, 1 suture repair) concomitant with left-sided valve surgery, and 64 (69%) of the 93 with grade 3þ/4þ TR preoperatively underwent TVR (60 ring repair, 3 suture repair) or replacement (n ¼ 1). Postoperatively, predischarge TTEs were retrievable and measurable for 96 of 100 patients with preoperative TR grade 0, 88 of 100 with TR grade 1þ, 93 of 100 with grade TR 2þ, and 85 of 93 (91%) with TR grade 3þ/4þ. TR grade could be measured on 362 predischarge TTEs, TAPSE on 349, and MPI on 348.
Analyses focused on the comparison of TR grade, TAPSE, and MPI from preoperative to predischarge levels. This included paired t-testing, correlation analyses, and multivariable ordinal logistic regression (TR grade) and linear regression analyses using the preoperative variables (TAPSE, MPI; Appendix E1). These analyses were performed overall, stratified according to whether a TV procedure had been performed and according to preoperative TR grade. For these multivariable analyses, we used ''bagging'' for variable selection. 3 Automated stepwise regression was performed on 1000 bootstrap data sets with P ¼ .05 used for the retention of variables. Thereafter, those present in 50% or more of the analyses were retained in the final model.
Course of postoperative TR and RV function. To assess the temporal trend of TR, TAPSE, and MPI after surgery, all postoperative and follow-up TTEs were analyzed longitudinally for pattern of change across time. A nonlinear mixed model 4, 5 was used to resolve the number of time phases to form a temporal decomposition model and to estimate the shaping parameters at each phase. Although each phase is defined across all time, each dominates the others in a different period from surgery ( Figures E3-E5 ). We therefore used descriptive terms such as ''early'' and ''late'' to indicate the period of this dominance. Mixed-model regression 6 for ordinal and continuous repeated measurements (SAS PROC NLMIXED, SAS Institute, Inc, Cary, NC) was used to implement the temporal decomposition model. The temporal pattern of prevalence of individual categories of the ordinal longitudinal data was obtained by averaging the patient-specific probability estimates. Because the underlying temporal patterns might be different for patients who underwent a TV procedure than in those who did not, we performed separate temporal pattern analyses for the 2 groups.
Missing values. We used a fivefold imputation 7 
RESULTS
Effects of MVR Alone on TR and RV Function MVR alone (which reduced MR to grade 0 or 1þin 98% of patients) reduced TR, irrespective of the preoperative grade of TR, although patients with grade 2þ or more TR were more likely to have the same higher grade of TR postoperatively. Over time, patients with lower grades of preoperative TR (0-2þ) showed very little increase in TR, but those with severe TR preoperatively showed a return of grade 2þ or more TR within 3 years (Figure 1) .
Parallel to the improvement in TR, a mild reduction of RV function was observed in patients with lower grade 0 to 2þ TR and normal RV function. For grade 0 and 1þ TR, RV function was still normal, but for grade 2þTR, it was lower than normal (Figures 2 and 3) . However, patients with severe TR and RV dysfunction preoperatively actually showed both reduced TR and improved RV function after MVR alone. RV function improvement was observed for both TAPSE and MPI. These improvements were, however, temporary, and, at 3 years, both TR and RV dysfunction had returned to the preoperative levels.
Effects of MVR and Concomitant TVR on TR and RV Function
Of the patients with grade 2þTR and those with severe TR, 3 and 64 underwent a concomitant TV procedure (66 repair and 1 replacement) and 97 and 29 did not, respectively.
The TV procedure effectively reduced severe TR to 0 to 1þ, and this improvement was stable over time, in contrast to when severe TR was not addressed (Table E7 and Figure 1) . MVR with or without TVR reduced RV systolic pressure ( Figure E6 ).
In patients with severe TR and impaired RV function preoperatively, RV function (both TAPSE and MPI) improved immediately after surgery, irrespective of whether the patients had undergone concomitant TVR (Figures 2 and 3 ). This immediate improvement was more pronounced if TVR had not been performed. After a brief decrease in TAPSE, both TAPSE and MPI improved for the first 6 months, irrespective of whether the patients had undergone a TV procedure. After TVR, this improvement continued for both measures, but without TVR, RV function started to progressively decline at 6 months in parallel with a return of TR to preoperative levels ( Figures 2 and 3) . At 3 years, both TAPSE and MPI were normal after TVR. However, without TVR, both TR and RV dysfunction had returned to preoperative levels.
Predictors of RV Function in Response to Surgery
Immediate response. In general, the distribution of both TAPSE and MPI was toward worse RV function than preoperatively, except for patients with grade 3þ/4þTR and poor RV function preoperatively. These trends were apparent in scattergrams of change for individual patients ( Figure 4 and Figure E7 ). On the predischarge TTEs, TAPSE and MPI, although improved, were worse in patients with preoperative TR grade 2þ or worse. Temporal patterns. Preoperative factors associated with higher postoperative TR grade. Overall, a higher preoperative TR grade, female gender, and older age were associated with higher predischarge TR. In the early phase, which is the immediate effect of surgery, higher preoperative MPI and absence of a TV procedure were associated with a higher postoperative TR grade. In the late phase, lower ejection fraction, higher grade of MR, and absence of a TV procedure were associated with a higher postoperative TR grade (Table 1) . No statistically significant association was found between preoperative TAPSE and postoperative TR in any phase (P >.2), nor was any interaction seen between preoperative MPI and preoperative TAPSE on postoperative TR during either phase (P ¼ .3). Preoperative factors associated with lower (worse) TAPSE. Overall, a higher grade of preoperative TR, higher heart rate, larger left atrial systolic area, lower left ventricular ejection fraction, and higher blood urea nitrogen were associated with lower postoperative TAPSE ( Table 2 ). In the early phase, only a TV procedure was associated with lower postoperative TAPSE. In the late phase, absence of a TV procedure, higher bilirubin level, and lower TV fractional area shortening were associated with lower postoperative TAPSE. Preoperative factors associated with higher (worse) MPI. Overall, a higher grade of preoperative TR, higher heart rate, larger left atrial volume index, lower MR grade, a history of chronic obstructive pulmonary disease, and older age were associated with higher postoperative MPI (Table 3 ). In the early phase, a history of hypertension, higher mean systemic arterial pressure, and higher preoperative MPI were associated with higher postoperative MPI. No factors were associated with postoperative MPI in the late phase. Figure 1 . A, TAPSE for all preoperative TR grades and TV procedure. B, TAPSE for patients with severe preoperative TR according to whether a TV procedure was performed.
DISCUSSION
Functional TR secondary to left-sided heart disease has been thought to be caused by changes in RV geometry, the size and shape of the TV annulus, and the relative displacement of papillary muscles. [8] [9] [10] In accordance with this theory, eliminating MR should initiate reverse RV remodeling and reduce TR. Our findings confirmed that MVR alone reduced RV systolic pressure and improved TR of every severity grade. In our companion report, however, RV dysfunction stood out as having a more consistent association with severe functional TR than any other measure of RV remodeling. Other than the efficiency and durability of TVR in reducing TR, little information is available on the effect of these procedures on RV reverse remodeling and RV dysfunction. In patients with grade 0 to 2þ TR, MVR induced a mild early reduction of RV function; however, the function remained at low normal, and a few experienced worsening of TR, as observed by Yilmaz and colleagues. 11 We do not have a good explanation for this mild RV dysfunction, but speculate that it could be nonspecific effects related to suboptimal myocardial protection of the right ventricle during surgery, perioperative management of volume (preload) and drugs, or just a general effect of surgery. RV function quickly recovered, but not to preoperative levels. Although this suggests a possible disconnect between TR and RV function, these patients did not have much TR preoperatively. In fact, in patients with severe TR, MVR alone improved RV function in parallel with improvement in TR; however, these improvements did not last.
The effectiveness of TVR was impressive, because it both eliminated severe TR and improved RV function. Immediate improvement of RV function, by both TAPSE and MPI, was less after concomitant TVR than after MVR alone. However, the effect of TVR was durable over time, with a minimal return of TR, such as was observed by Chan and colleagues, 12 and continued improvement of RV function, which eventually reached low normal levels for both TAPSE and MPI. 13 It is certainly good news that in this setting of severe functional TR secondary to mitral valve disease, RV dysfunction was reversible, returning to close to normal after TVR and remaining stable. This occurred even though the patients who had undergone concomitant TVR were sicker than those with severe TR undergoing MVR alone, although the RV dysfunction was the same (Table E8 ). In contrast, the early improvements of TR and RV function after MVR alone were eliminated within 3 years.
The interaction between TR and RV function appears to be in both directions; not only does RV dysfunction affect the severity of TR, but reduced TR is also associated with improved RV function. Functional TR is secondary to RV dysfunction and vice versa.
An additional important question relates to how well TAPSE and MPI reflect RV function and changes in RV function after surgery. TAPSE measures longitudinal systolic function and has been shown to correlate highly with MRI-derived volumes 14 and radionuclide ejection fraction. 15 The MPI primarily measures contractility, and its calculation involves consideration of energy-dependent periods of contraction, ejection, and diastolic relaxation. 16 The use of TAPSE and MPI as measures of postoperative RV function has not been validated. 2 The temporal pattern of TAPSE and MPI was very similar, with a significant positive relationship between the pre-and postoperative values. Our findings are similar to a recent MRI study in which RV volumes and ejection fraction were measured in patients undergoing surgical repair of severe TR. 13 This indicates that TAPSE and MPI are equally useful measures of RV function postoperatively as preoperatively in our group of patients, and this seemed to also be true after concomitant TVR. The factors associated with worse RV function postoperatively (Tables 2 and 3 ) make sense because these factors are all indicators of more advanced disease and right heart failure, with expected effects on the right heart.
Study Limitations
The study population was patients with degenerative mitral valve disease and secondary ''functional'' TR. Therefore, the results might not be applicable to other patient categories with TR and RV dysfunction. Although our findings make sense and fit into an understandable pattern, validation All echocardiographic measures are subject to intra-and interobserver variability. To this is added the variability across time because equipment has changed. For the present study, intraobserver variability was excellent, with little evidence of bias. Thus, for all measurements reported, which were made by 1 investigator, we believe the results are reproducible. The agreement between investigator and sonographer was more variable, particularly for TAPSE. This surprised us because of the ease with which TAPSE can be measured.
This was a single-institution, observational study; thus, echocardiographic follow-up was, to an unknown extent, opportunistic rather than systematic. However, a large number of postoperative echocardiograms were available to enable powerful longitudinal data analysis of multiple measurements over time instead of independent time points. 17 
Study Implications
In patients with degenerative mitral valve disease and functional TR, MVR alone was associated with mild impairment of RV function in patients with lower grades of TR. In patients with severe TR, both TR and RV function improved. However, these improvements were incomplete and temporary, with both TR and RV dysfunction returning to preoperative levels within 3 years. In contrast, concomitant TVR durably eliminated severe TR and was associated with improved RV function toward normal, supporting an aggressive approach to important functional TR. 
APPENDIX E1. Variables used in analyses
P valuey 0 (n ¼ 100) 1þ (n ¼ 100) 2þ (n ¼ 100) 3þ/4þ (n ¼ 93) Patients (n)*
